This study examines the correlation between local CMRglc (LCMRglc) alterations and clinicopatholog ical changes in a chronic middle cerebral artery (MCA) occlusion model in the cat. The left MCA was occluded for a period of 2 h. The animals were grouped into mild, moderate, and severe ischemia based on the depression of the EEG 30 min after the MCA occlusion. Follow ing release of the clip, the animals were allowed to re cover for a week during which time daily neurological examinations were performed. On the seventh day P4C]2-deoxyglucose was injected for the determination of LCMRglc• Alternative blocks were processed for histo logical evaluation in which both neuronal and phagocytic changes were graded into four categories (0 = normal to 3 = severe). LCMRglc (J.LmollIOO glmin) in the ischemic hemisphere (all histological grades) was significantly lower than the metabolic rate in comparable regions of the sham MCA occlusion group. Regions with significant phagocytosis (grade 2 and 3) invariably exhibited acti vated glucose metabolism (57.4 ± 8.4 and 105.9 ± 6.8 J.Lmol/lOO glmin, respectively), which was significantly
The recovery process of brain tissue after an isch emic insult may be closely related to its metabolic state. Although the recent development of positron emission tomography has offered the potential for investigating glucose metabolism of the human brain Phelps et al., 1982) , few studies have been made early following a stroke (Kuhl et al., 1980; Lenzi et al., 1982; Wise et al., 1983; Baron et al., 1984; Kushner et al., 1987) . These findings provided some information about higher than in regions without phagocytosis (30.4 ± 0.8 J.LmolllOO g/min). There was a significant gradient of me tabolism in the central, peripheral, and boundary zone and the non-MCA territory in the animals with severe ischemic lesions. LCMRglc in the central MCA territory was well correlated with the EEG amplitude changes (r = 0.82, p < 0.05) and the morphological score (r = -0.89, p < 0.05). The metabolic rate was significantly depressed in both the ipsilateral and the contralateral central MCA territories in comparison with the sham occlusion ani mals. The depression in LCMRglc in the contralateral hemisphere correlated well with the concomitant depres sion in the contralateral EEG amplitude. These studies demonstrate that local heterogeneous metabolic alter ations and contralateral cortical diaschisis exist chroni cally following temporary MCA occlusion and that the increases in local cerebral glucose metabolism seen in chronic stroke may be due to phagocytotic activity. Key Words: Cerebral glucose utilization-Chronic cerebral ischemia-Diaschisis-Electroencephalogram-Histol ogy.
the relationship between the derangement of local CMRglc (LCMRglc) and the recovery process in re cent cerebral infarcts. Studies of experimental stroke models can provide additional useful infor mation concerning the pathogenesis of brain tissue damage after an ischemic insult.
During the short postischemic period, various de rangements of cerebral glucose metabolism have been measured, ranging from activation to marked depression (Levy and Duffy, 1977; Fieschi et al., 1978; Rossmann, 1979; Diemer and Siemkowicz, 1980; Choki et aI., 1983; Tanaka et aI., 1985) . It is still not known, however, whether the postischemic increase in LCMRglc is a sign of recovery or dam age. Additionally, the time course of the changes in cerebral glucose metabolism in chronic stroke is not well documented.
Von Monakow (1914) first described the phenom enon of diaschisis. He concluded from clinical ob servations that following localized injury to the brain, a temporary depression of function may oc cur in areas remote from the lesion. Hoedt Rasmussen and Skinhoj (1964) were the first to re port bilateral reductions in hemispheric blood flow in patients with unilateral cerebral infarction. The time course of these changes in flow was examined by in a series of patients suffering acute strokes. We have also assessed local glucose metabolism in the nonischemic hemisphere in an animal model of stroke and have demonstrated a reduction in local glucose utilization in the hemi sphere contralateral to the ischemic focus.
The present study examines the changes in LCMRglc and the pathological alterations after a I-week recovery period following acute middle ce rebral artery (MCA) occlusion in the cat, as well as the alterations in clinical status during that time.
MATERIALS AND METHODS
Male cats weighing 2.5-2.5 kg were anesthetized with pentobarbital (40 mg/kg) intraperitoneally, and the left brachial artery and vein were cannulated for the monitor ing of arterial pressure and the administration of drugs. An incision was made around the margin of the temporal muscle and the muscle was retracted downward. Two pairs of brass electrodes were implanted into the skull over each MCA territory to record EEG and were con nected to a six-pin ultraminiature connector (GF-6; Mi crotech, Inc.), which was implanted in the center of the skull for the measurement of EEG.
The left MCA was exposed via a modified transorbital approach (O'Brien and Waltz, 1973 ) and a I-h waiting period was allowed to elapse following completion of the MCA exposure. A 2-h ischemic insult was produced in seven animals by occluding the MCA trunk at the medial margin of the optic nerve with a miniature Mayfield clip. In four control animals, a sham insult was produced by lightly touching the MCA with a glass rod. After 2 h of occlusion, the clip was removed and reexpansion of the MCA trunk was confirmed. The openings in the dura, the enlarged optic foramen, and the left eye were closed com pletely and no leakage of cerebrospinal fluid was noted. The rectal temperature was maintained at 3rC by means of a thermostatically controlled heating lamp (73A; Yel low Springs Instruments) during occlusion and the sub sequent recovery period. The arterial catheter in the bra chial artery was removed at the end of the 4-h recovery period. All surgery was done under sterile conditions and the animals were treated with an antibiotic, cefazoline sodium 0.5 g i.v. and 0.5 g i.m. Postoperatively the ani mals were placed back in their cages and received anti biotic 0.5 g i.m. daily for the next 3 days.
The EEG was recorded on a polygraph (Grass Instru ments model 7). Postoperatively the EEG recordings were made 15-30 min after acclimatization while the an imal was kept in a covered box.
The severity of the ischemic insult in each animal was assessed by the degree of depression of the EEG ampli-J Cereb Blood Flow Metab, Vol, 9, No, 4, 1989 tude. The ratio of the EEG amplitude on the ipsilateral hemisphere to that on the contralateral hemisphere 30 min following MCA occlusion was calculated. When this ratio was below 0.2, the animal was considered to have a severe stroke, while when it was above 0.7, the stroke was considered to be mild. Animals with an EEG ratio between 0.7 and 0.2 were placed into the moderate stroke group.
A neurological evaluation was performed daily for 7 days and included six categories: motor (0-3), sensory (pain) (0-2) and visual (0-2) systems, posture (0-2), step ping reflex (0-2), and walking activity (0-2). The grading scale has been described in detail previously (Komatsu moto et al., 1988 ). The motor system was evaluated by an examination of the strength of the right limbs, the sensory system using a painful stimulus to the right side, and the visual system by the presence of a right homonymous hemianopsia. Abnormal posture was graded by examin ing tonic neck deviation and circling behavior, the step ping reflex by holding the cat vertically and allowing the feet to make contact with the edge of a table, and the degree of daily activity by monitoring spontaneous walk ing in the cage.
A neurological score averaged over the week was cal culated by dividing the total neurological score over the I-week study period by 7. An average neurological score was then obtained by adding up the average score in each subsystem and then dividing this total by 13 (a perfect score).
On the seventh day postoperatively, after neurological function testing and EEG recording, the animal was anes thetized with pentobarbital (30 mg/kg) administered through the brachial venous catheter. The left femoral artery was cannulated for the measurement of blood pres sure and for blood sampling. After confirming that the blood gases were within physiological range, 250 f1Ci of [14C]2-deoxyglucose ([14C]2_DG; New England Nuclear) was injected intravenously as a bolus for the determina tion of LCMRglc (Sokoloff et aI., 1977) . Arterial blood samples were drawn initially at 15-to 30-s intervals and later at 1-to lO-min intervals over the subsequent 45 min. Plasma aliquots of these samples were placed into vials with an aqueous counting material (ACSII; Amersham) and were assayed for 14C concentration using a liquid scintillation counter (Packard Instruments). Blood sam ples were also analyzed for plasma glucose concentration using a glucose analyzer (Beckman Instruments). After the last arterial sample, the animals were killed with an intravenous administration of saturated potassium chlo ride solution, the thoracic cavity was opened, and the descending thoracic aorta was clamped to avoid perfusion of the lower part of the body. The right auricle was opened, and the brain was perfusion-fixed through the left ventricular catheter with 200 ml of phosphate-buffered saline (pH 7.4) followed by 200 ml of 3.3% formalin in 0.2 M P0 4 buffered to pH 7.4 (Collins, 1978) . A brief perfusion with this fixative does not cause any measur able loss of the tracer from the tissue (Hand, 1981) . After the perfusion-fixation, the brain was quickly removed from the skull and was cut into 4-to 6-mm-thick coronal blocks. Alternate blocks were immersion fixed with 10% formalin for 10 days and were processed for histological evaluation by light microscopy.
The sections cut from paraffin-embedded blocks were stained with Nissl and hematoxylin-eosin. The remainder of the blocks were frozen in , and five 20-fLm-thick sections were cut from both sides of each block for autoradiography using a cryostat (American Op tical). The cut sections were placed on glass covers lips and dried on a hot plate. The dried sections were placed on x-ray film (SB-5; Eastman Kodak) for 7 days together with calibrated 14C-embedded methyl methacrylate stan dards.
Quantitative densitometric analysis of the autoradio grams was accomplished with either a computer-assisted microdensitometer system (Gamma Scientific) or a com puterized scanning system consisting of a rotating drum scanner (Optronics International) and an image processor (Grinnell Systems) interfaced to a digital computer (Dig ital Equipment Corp.) . The values of LCMRglc in 28 re gions for both the ipsilateral and the contralateral side were calculated for the sham insult and the stroke ani mals. Regions were classified into four territories with reference to the distribution of the MCA: central MCA territory, peripheral MCA territory, boundary MCA ter ritory, and non-MCA territory.
For the calculation of LCMRglc, the operational equa tion of Sokoloff et al. (1977) as modified for changing plasma glucose level by Savaki et al. (1980) was used. The equation that allows for changes in glucose level was used since in some animals the glucose level changed slowly «0.5%/min) throughout the LCMRglc measurement. These small changes in plasma glucose were similar in the sham and the lesion groups. The lumped constant (LC) for normal anesthetized cat (0.4 11) (Sokoloff, 198 1) was used, since no significant difference in the LC between normal brain and postischemic brain has been measured (Ginsberg and Reivich, 1979) . The averaged LCMRglc value in each anatomical structure was calculated using the rate constants as measured in the rat for glucose and 2-DG (Sokoloff et al., 1977; Savaki et al., 1980) .
The morphological grading consisted of the degree of neuronal damage as well as the degree of phagocyte in filtration. The criteria for neuronal damage were those of Brown and Brierley (1972) and Salford et al. (1973) . These included microvacuolation (microvacuoles appear as ap parently empty circular or oral spaces within a strongly basophilic cytoplasma); ischemic cell change (shrunken nucleus, often triangular and darkly staining so that the nucleus is sometimes difficult to distinguish, cell body shrunken with loss of Nissl substance, cytoplasm acido philic and stained pink with eosin); and ischemic cell change with incrustations (neuron resembles above but there are also heavily stained incrustations on the surface of the cell bodies and sometimes on the dendrites). His tological changes for neurons were graded into four cat egories  as modified from Salford et al., 1973) : grade 0, histologically normal; grade 1, slight ischemic changes with only a few scattered affected neu rons; grade 2, moderate changes with a typical micro scopic field containing several affected neurons; grade 3, a large portion of affected neurons. In addition, the de gree of phagocytosis was evaluated in each region and grouped into four categories: grade 0, no observation of phagocytes; grade 1, a few phagocytes having infiltrated the area; grade 2, a moderate number of phagocytes present; grade 3, large numbers of phagocytes present.
Significance of differences of LCMRglc among the sev eral groups was calculated using the Bonferroni method (Wallenstein et al., 1980) . Statistically significant changes for the histological and neurological data were examined with the Spearman rank correlation coefficients (Siegel, 1956) . Analysis for gradient changes in cerebral glucose metabolism was performed using a mixed models analysis of variance with animals as a random factor and regions as a fixed factor (Zar, 1974) .
RESULTS

Physiological data
Arterial blood pressure remained unchanged dur ing the 2-h occlusion and the subsequent 4-h recov ery period, as well as during the 7 days following occlusion. There was no significant difference in arterial blood gases between the experimental group and the sham group during the measurement of cerebral glucose utilization. Plasma glucose did not change by > 15% during any study.
LCMR g lc and histology in sham and stroke groups
Four animals with a sham insult were studied. There were no differences in LCMR g Jc between the ipsilateral and the contralateral sides in the sham animals.
Of the seven animals with MCA occlusion, three had severe strokes, three moderate strokes, and one a mild stroke as assessed by the degree of de pression of the EEG amplitude. Figure 1 shows a 2-DG autoradiogram along with a Nissl-stained sec tion from an animal with a markedly reduced EEG amplitude (severe stroke). A heterogeneous distri bution of histological changes including neuronal damage as well as infiltrations of phagocytes can be seen in the central, peripheral, and boundary MCA territories. The regions with aggregations of phago cytes were heavily stained and were relatively sharply demarcated from the surrounding tissue. Autoradiographic images of glucose metabolism from other animals are seen in Fig. 2 . In one animal a homogeneous depression of glucose metabolism was observed in the central MCA territory ( Fig. 2a ), while in the brain from an animal with severe stroke (shown in Fig. 2b ), there was a solitary increase in LCMR g Jc surrounded by a depression in LCMR g Jc in the remainder of the central MCA territory. Figure  2c was obtained from an animal with a moderate stroke. Activation of LCMR g lc was observed only in the caudate nucleus. Figure 3 summarizes the relationship between LCMR g Jc values in various gray matter regions on the ipsilateral side and their individual histological grades. In the sham group no histological damage was observed. The metabolic rate for glucose in the stroke animals in regions with no histological dam age was variable, ranging from 8.6 to 65.4 f,Lmolll00 g/min, but the mean (31.8 ± 0.9 f,Lmolll00 g/min) was significantly lower than the metabolic rate in comparable regions of the sham group ( j-Lmo1l100 g/min). The regions with slight damage (grade 1) had a mean LCMRglc of 22.3 ± 1.8 j-Lmo1l100 g/min, which was significantly different from regions with grade 0 in the sham group as well as in the experimental group. The regions with both moderate and severe histological damage (grade 2 and 3, respectively) showed depressed LCMRglc values of 15.3 ± 2.8 and 10.4 ± 0.8 j-Lmo1/100 g/min, respectively. Statistical analysis was not done on the regions with moderate damage (grade 2) owing to the small number of data points. The reduction in LCMRglc in the regions with severe damage was significantly lower than that in the regions with mild or no damage. As shown in Fig. 3 , depressions of LCMRglc among the grades in the stroke group not only showed significant differences between re gions but also exhibited a significant difference from the LCMRglc of the sham group. It should be noted that the anatomical locations of the regions in the stroke groups were not systematically grouped in a fashion so as to produce this apparent gradient. For example, the structures with grade 1 damage had, in the sham animals, metabolic rates from 33 to >50 j-Lmol/lOO g/min.
LCMR g lc derived from phagocytes and its histological grading
Local metabolic rates for glucose were also mea sured in regions that were known, from light mi croscopy, to be occupied by groups of phagocytes (Fig. 4) . The regions with grade 3 phagocytosis in- Vol. 9, No. 4, 1989 variably exhibited activated glucose metabolism ranging from 38.0 to 186.4 j-Lmo1/100 g/min with a mean ± SEM of 105.9 ± 6.8 j-Lmo1/100 g/min. In contrast, the regions with grade 2 phagocytosis had a metabolic rate for glucose of 57.4 ± 8.4 j-LmolllOO g/min, which was significantly lower than that found in regions with grade 3 phagocytosis and sig nificantly higher than in regions with no phagocy tosis. The group with grade 3 phagocytosis con sisted of 39 regions, all of which had grade 3 neu ronal damage. The areas with grade 3 phagocytosis (and a high LCMRglc), although in structures with grade 3 neuronal damage, comprised only a portion of the structure; the remainder of the structure ex hibited a low metabolic rate. On the other hand, in the group with grade 2 phagocytosis, there were six regions with grade 3 neuronal damage and two re gions with grade 2 neuronal damage. The two re gions with grade 1 phagocytosis also exhibited grade 1 neuronal damage.
Groups of phagocytes appeared mainly in regions with severe neuronal damage (grade 3). In addition, LCMRglc in the regions with phagocytosis (grade 2 and 3) was significantly higher than in regions with out phagocytosis (30.4 ± 0.8 j-Lmo1/100 g/min). mild stroke group, 99.7 ± 6.1 min in the moderate stroke group, and 90.7 ± 4.2 min in the severe stroke group. There was no significant difference in these times.
LCMRglc values on the ipsilateral side in the sham-operated animals as well as the stroke animals are plotted in Fig. 5 (top) against the severity of stroke as assessed by the reduction of EEG ampli tude. In the central MCA territory, the sham group had an LCMRglc value of 48.3 ± 3.8 f..L molll00 g/min, significantly higher than the moderate stroke animals, which had a LCMRglc value of 32.3 ± 5.3 f..L mol/l00 g/min. The severe stroke animals showed a markedly depressed LCMRglc (9.7 ± 1.7 f..L mol/lOO g/min) , which was also significantly different from the sham. In addition, there was a significant differ ence between moderate and severe strokes. The de crease of LCMRglc was highly correlated to the se verity as determined histologically (r = -0.896, p < 0.01). The average histological score (neuronal) was 0 in the sham, 0.2 in the mild stroke animal, 0.5 in the moderate stroke animals, and 2.9 in the severe stroke animals.
In the peripheral MCA territory, the LCMRg lc was 43.0 ± 3.1 f..L moVlOO g/min in the sham group, 32.1 f..L mol/lOO g/min in the mild stroke animal, 32.0 ± 4.0 f..L mol/lOO g/min in the moderate stroke group, and 13.2 ± 2.1 f..L molllOO g/min in the severe stroke group. The LCMRglc in the severe group was sig nificantly depressed in comparison with the sham and moderate groups. The mean morphological score was 0 in the sham group, 0 in the mild group, 0.2 in the moderate group, and 2.2 in the severe group.
In the boundary MCA territory, there was a gra dient reduction in LCMRgl C in the sham and the three stroke groups: 39.4 ± 3.0 (sham), 30.7 (mild), 32.2 ± 3.4 (moderate), and 19.9 ± 1.7 (severe) f..L mol/lOO g/min. The metabolic rate for glucose was not well correlated with histological damage as the mild stroke animal exhibited morphological dam age in this region whereas none of the moderate animals showed damage.
In the non-MCA territory of the sham group, the metabolic rate was 43.2 ± 3.9 f..L molll00 g/min, while in the mild and moderate stroke groups, both with no histological damage in this region, the rates were 29.7 and 36.5 ± 6.5 j.Lmol/lOO g/min, respec tively. The severe stroke group with a mean histo logical score of 0.5 exhibited a markedly depressed LCMR g lc (22.5 ± 2.9 j.Lmol/lOO g/min), significantly lower than the sham. LCMR g lc values from the side contralateral to the occlusion are plotted against stroke severity in J Cereb Blood Flow Metab, Vol. 9, No. 4, 1989 Fig. 5 (bottom) along with the comparable data from the sham animals. In the central MCA territory, LCMR g lc of the sham group was 48.8 ± 3.7 j.Lmol/lOO g/min compared with 30.5, 41.7 ± 9.6, and 21.2 ± 5.4 j.Lmol/lOO g/min in the mild, moderate, and severe stroke animals, respectively. The value of LCMR g lc in the severe stroke group was signifi cantly lower than in the sham group.
In the peripheral MCA territory, LCMR g lc was Grade 0, no observation of phagocytes; grade 1, a few phagocytes; grade 2, a moderate number of phagocytes; grade 3, a large number of phagocytes. 
Non-MeA 43.5 ± 4.3 f,1molllOO g/min in the sham group and 32.4, 36.9 ± 5.8, and 21.2 ± 4.6 f,1mol/lOO g/min in the mild, moderate, and severe groups, respec tively. LCMRg\c in the severe stroke group repre sents a significant decrease in comparison with the sham animals. In the boundary zone, the metabolic rates were 31.9 f,1molllOO g/min in the mild, 34. 7 ± 5.4 f,1molllOO g/min in the moderate, and 21.1 ± 2.1 jJ-mol/l00 g/min in the severe stroke animals. The LCMRg\c value in the severe stroke group was sig nificantly lower than in the sham animals in which LCMRg\c was 40.5 ± 3.2 f,1mol/lOO g/min.
In the mild and moderate stroke animals, the val ues of LCMRglc in the non-MCA territory were 30.7 and 39.7 ± 8.3 f,1mol/lOO g/min, respectively. The severe animals also showed a markedly depressed LCMRglc (22.5 ± 2.9 f,1mol/lOO g/min), significantly different from that in the sham group (43.5 ± 4.4 jJ-mol/lOO g/min). The relationship between LCMRglc in the central MCA territory and the clinicopathological data is shown in Fig. 6A-C where the mean value of LCMRglc is plotted against the mean neurological score obtained from each animal. The correlation between LCMRglc and the average neurological score was not significant (Spearman rank correla tion coefficient r = 0.64, p = 0.06).
There was a significant correlation between the reduction of EEG amplitude on the ipsilateral side during the LCMRglc measurement and the LCMRglc of the central MCA territory (Spearman rank cor relation coefficient r = 0.82, p < 0.05). An average morphological score assessed by the degree of neu ronal damage was calculated by averaging over the 28 regions examined. The correlation between met abolic rate and morphological score was significant (Spearman rank correlation coefficient r = -0.89, p < 0.05).
The relationship between LCMRgJc in the central MCA territory of the contralateral hemisphere and the clinical and pathological data is shown in Fig.  6D-F . There was not a good correlation between LCMRgJc and the average neurological score, or be tween LCMRgJc and the average morphological score (Spearman rank correlation coefficient r = 0.68, 0.05 < p < 0.1). In contrast, the reduction of EEG amplitude on the contralateral side during the LCMRgJc measurement showed an excellent linear relationship with LCMRgJc (r = 0.884, p < 0.01).
J Cereb Blood Flow Metab, Vol. 9, No. 4, 1989 Changes in LCMRg1c in territories of the contralateral hemisphere
The metabolic rate in each territory as a percent age of the LCMRgJc of that territory in the sham group is shown in Fig. 7 for each stroke group, In the mild stroke animal, both the ipsilateral and the contralateral LCMRgJc were almost equally de pressed in each territory; in the moderate stroke group, there was a difference in the central MCA territory between LCMRgJc on the ipsilateral side and that on the contralateral side, although this dif ference was not statistically significant. No signifi cant laterality was observed in the other territories. In the severe stroke group, differences between both hemispheres were observed in the central and peripheral MCA territory, although these differ ences were not statistically significant. There was, however, a significant gradient in metabolic rate from the center of the MCA territory outward (F = 24.8, p < 0.001; mixed models analysis of vari ance).
DISCUSSION
These studies focused on the local cerebral glu cose metabolism and its relationship to clinical and pathological alterations during a I-week recovery period following acute MCA occlusion in the cat.
Combining histology with quantitative 2-DG au toradiography is difficult since most fixatives have the potential of washing out some of the 2deoxyglucose-6-phosphate from the tissue (Smith, 1983) . Very brief perfusions with weak fixatives can be used, however, without sacrificing the quantita tive aspects of the 2-DG technique (Hand, 1981) . To show that the technique for perfusion-fixation does not quantitatively alter the 2-DG labeling, separate studies were undertaken in four rats. The animals were killed by an overdose of sodium pentobarbital 45 min after an intravenous bolus of e 4 C]2-DG. The calvarium was quickly removed and one hemi sphere was excised and frozen. The remainder of the brain tissue was perfusion-fixed in a manner similar to that for the cats in the present study, and the perfused hemicortex was removed and frozen along with the nonperfused hemicortex. Both hemi cortices were then processed for quantitative auto radiography. Densitometric analysis of five sepa rate regions in the neocortex of both the perfused and the nonperfused cortices revealed no significant loss of label due to perfusion. The ratio of calcu lated metabolic rates of the perfused to the nonper fused cortex was 1.033. Longer, more complete perfusions, however, may wash out significant amounts of label from the tissue, as will use of other fixatives such as 4% paraformaldehydel5% glutaral dehyde.
The sections were graded in a blind manner with out any knowledge by the neuropathologist of the degree of ischemia. The grading of the histological sections for neuronal damage and phagocyte infil tration was done in each region over a large number of cells. Ischemic cell damage was observed only in the animals with stroke and only in the ischemic hemisphere. The quantitative densitometric analy sis of the autoradiograms was done only after ex amining the stained sections for each region by light microscopy. In cases of heterogeneous areas that included neuronal damage and infiltration of phago cytes, the region was subdivided so as to examine the areas of different histologic abnormality sepa rately.
The use of the LC measured in the nonischemic cat in the calculation of LCMRgl C within an infarct is controversial. Ginsberg and Reivich (1979) reported that the LC returns toward normal from an elevated level during the reperfusion phase following isch emia. Hawkins et al. (1981) also report a minimal change in the LC in stroke patients. These data sug gest that a change in the LC 1 week following acute MCA occlusion is unlikely. Another factor that may produce errors in the calculation of LCMRglc is a potential alteration in the rate constants. Although the rate constants are altered in ischemia (Hawkins et aI., 1981; Naiki et aI., 1987) , they probably return toward normal 7 days into the reperfusion period. It should be noted, however, that the 2-DG model is quite insensitive to alterations in the rate constants.
One of the findings in the present study is a lack of activation of LCMRgIc in regions with slight his tological damage (grade 1). In the early hours of reperfusion, the regions with grade 1 histologic damage exhibit an activation of LCMRglc probably due to anaerobic glycolysis Rossmann, 1979; Tanaka et al., 1985) . Kogure et al. (1980) have suggested that once regions have been subjected to anaerobic glycolysis during ischemia, they can no longer utilize oxygen efficiently during the subsequent recovery period. Garcia et al. (1977) point out that one of the earliest alterations follow ing MCA occlusion is a marked swelling of neuronal mitochondria. This will probably be associated with anaerobic glycolysis due to a lack of electron flow to the respiratory chain or to an uncoupling of ox idative phosphorylation (Rehncrona et al., 1979; Kogure et al., 1980; Kalimo et al., 1981) . This sug gests that anaerobic glycolysis may be an early sign of tissue damage. Anaerobic glycolysis in acute ischemia will result in lactic acidosis, which will worsen the neuronal damage. Tissue that has grade 1 or 2 neuronal damage acutely may undergo signif icant alteration by 7 days following reperfusion. This tissue may either undergo further deterioration or recover. Thus, the degree of neuronal damage in a particular region will tend to be either normal or significantly infarcted. This normal-or-dead neuron state has been seen in previous morphological stud ies (Garcia and Kamijyo, 1974; Kamijyo et al., 1977) . The present data showing that the number of regions with grade 1 or 2 was lower than that with grade 0 or 3 ( Fig. 4 ) are in agreement with those reports.
The values of LCMRgIc even in the histologically normal regions of the stroke animals were lower than those in comparable regions of the sham group. In the acute study of Tanaka et al. (1985) , some regions with CBF values between 40 and 110% of the sham level were spared from histolog ical damage and, in addition, showed mild to mod erate depressions of LCMRgIc, suggesting that these regions maintained a normal flow-metabolism cou ple. It may be that the reduced metabolism in the histologically normal regions in the present study represents a compensatory mechanism for a de crease in regional CBF or an effect of diaschisis with reduced afferent input to those regions. These regions that were spared from histological damage had glucose metabolic rates ranging from 10 to 60 f-Lmolll00 g/min.
One of the dramatic findings of the present study is the activation of LCMRgIc caused by phagocytes in regions with severe neuronal damage, while areas with severely damaged neurons without phagocytes J Cereb Blood Flow Metab, Vol. 9, No. 4, 1989 exhibited a markedly reduced LCMRgIc. The acti vated areas with phagocytosis and the neuronal ar eas with a reduced LCMRgIc were heterogeneously distributed in the same regions. Recently Dietrich et al. (1986) also have reported a hypermetabolic zone coincident with foci of intense macrophage infiltra tion 5 days following photochemically induced cor tical infarction in the rat. A similar metabolic re sponse has been shown at 3 and 5 days following thermally induced focal lesions (Pappius, 1981) in which there was no cellular pathology. Garcia and Kamijyo (1974) noted that within 7 days following occlusion of the MCA, polymorphonuclear leuko cytes, monocytes, and macrophages, a large num ber of which appear in groups, are found in the reactive zone. These findings are consistent with the morphological data obtained in the present study.
In the central and peripheral MCA territory, both the mild and the moderate groups showed a mild to moderate depression, respectively, in LCMRgIc in comparison with the sham group, while the severe animals showed a very marked depression. The magnitude of these changes was quite similar to that observed for the average histological score, indicat ing a good correlation between alterations in glu cose metabolism and neuronal cell damage in the central and peripheral MCA territory. In the bound ary MCA territory, the observed depression in LCMRgIc was out of proportion to the degree of neuronal cell damage. This finding is in agreement with the data of Paschen et al. (1983) and Welsh et al. (1980) , who reported that the distribution of fo cal energy failure within the cortex was most sig nificant in the boundary zone. It is noteworthy that LCMRglc of the non-MCA territory in all three groups exhibited a significant depression that was not accompanied by proportional histological dam age, suggesting that this may be a purely functional response, i.e., diaschisis. This metabolic response in the non-MCA territory was seen previously in a similar model of acute MCA occlusion .
To establish contributory factors for the derange ment in glucose metabolism, the correlation be tween the average values of LCMRglc of the central MCA territory and the clinical and pathological data in each stroke animal was examined. LCMRglc showed a good correlation with EEG and morpho logical damage. This is not surprising since energy metabolism is required for the maintenance of cel lular integrity and cerebral function manifested, re spectively, in the morphologic score and the EEG. Alterations in LCMRglc in response to functional stimuli have been observed (Greenberg et al., 1981; Reivich et aI., 1984) as well as to accompanying neurological deficits (Metter et aI., 1981) .
The suppression of LCMRglc on the hemisphere contralateral to the ischemic focus is of particular interest. The magnitude of these changes was pro portional to the severity of stroke and was accom panied by a depression of EEG amplitude. Meta bolic suppression at a distance from a focus of ce rebral ischemia corresponds to the clinical phenomenon of "diaschisis, " or a depression of ce rebral function (as evidenced by EEG in the present study) in areas remote from a focal injury (Von Monakow, 1914) . Kempinsky (1958) observed marked changes in both EEG and evoked response on the contralateral side after acute MCA occlusion and concluded that the severity of the contralateral effect was correlated with the size of the lesion. These findings seem to be comparable with the mild suppression of glucose metabolism of the nonis chemic hemisphere observed during MCA occlu sion by Ginsberg et ai. (1977) and 4 h into reperfu sion following 2 h of MCA occlusion by Tanaka et ai. (1985) . During occlusion LCMRglc is depressed to 30% of sham (in severely stroked animals) (Gins berg et aI., 1977) , while 4 h into reperfusion the depression is only 10% of sham.
There are several reports in the literature of a contralateral effect of a unilateral local ischemic in sult. A number of laboratories have reported a bi lateral reduction in CBF in stroke patients with uni lateral cerebral infarction (Hoedt-Rasmusson and Skinhoj, 1964; Meyer et aI., 1970; Melamed et aI. , 1975; Slater et aI. , 1977) . The response of regional CBF in the contralateral hemisphere to changes of p aco2 with acute cerebral infarction was also found to be altered (Melamed et aI., 1975) , and CMROz in the hemisphere contralateral to MCA infarction in humans is depressed (Lenzi et aI., 1982) .
The depression of LCMRg\c and EEG amplitude in the contralateral hemisphere 7 days after tempo rary MCA occlusion in the present study is compat ible with the duration of diaschisis in CBF reported by Slater et ai. (1977) and Meyer et ai. (1970) and with the duration of diaschisis in local CMR02 re ported by Lenzi et ai. (1982) . In the study of Slater et aI. (1977) the diaschisis gradually progressed over the first week post infarction, and in the study of Meyer et ai. (1970) the diaschisis persisted for 2-3 weeks, thereafter returning to normal, suggesting that the metabolic depression of the contralateral hemisphere may gradually recover during reperfu sion. In our severe stroke animals LCMRg\c was depressed by 43.4 ± 4.0% of the sham value in the central MCA territory, 48.6 ± 4.1% in the periph eral, 52.2 ± 2.7% in the boundary, and 52.0 ± 3.9% in non-MCA territory. These data indicate that LCMRglc is still depressed in the contralateral hemi sphere after 7 days of reperfusion.
The phenomenon of diaschisis may be mediated via transhemispheric projections, although the ex act mechanism and pathways of this phenomenon remain unclear. Von Monakow (1914) and Kempin sky (1958) postulated that the mechanism of di aschisis is neurogenic. Kempinsky (1958) sectioned the corpus callosum prior to acute MCA occlusion in cats and found that the EEG and evoked re sponse �3 weeks postoperatively did not differ from those of unlesioned animals. There was no effect upon evoked response in two experiments and only a slight interhemispheric effect upon the EEG in one of them, while in most of their cats with an intact corpus callosum, marked changes in both EEG and evoked response took place on the con tralateral side after acute MCA occlusion. Although it is not certain whether the pathways go directly through the corpus callosum or indirectly via the midbrain or the brainstem, the reduction of EEG and LCMRglc in the healthy hemisphere following unilateral cerebral infarction seems to be caused by a similar mechanism. The present data demonstrate that the magnitude of the diaschisis showed a gra dient suppression in LCMRg\c even surrounding the contralateral central MCA territory.
In summary, we have demonstrated that local heterogeneous changes in metabolism and diaschi sis exist chronically following temporary MCA oc clusion. The observed increase in glucose metabo lism may be due not only to anaerobic glycolysis but also to the presence of phagocytic activity in the ischemic zone. Consequently, 2-DG images ob tained in chronic stroke must be interpreted with care.
